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Abstract in the blind tests conducted by the Cambridge

A recently developed method denoted as SAPT(DFT),
which applies symmetry-adapted perturbation theory
(SAPT) based on Kohn-Sham orbitals and orbital
energies and includes the dispersion component obtained
using frequency-dependent density susceptibilities from
density functional theory (DFT), has been shown to
provide as accurate interaction energies as high-level
wave-function-based methods. At the same time, the
Jormer calculations can be performed at a greatly
reduced computational cost compared to the latter, in
fact, in a time comparable to supermolecular DFT
calculations. The SAPT(DFT) method is particularly
important for systems with a dominant dispersion
component since the supermolecular DFT approach fails
completely in this case.

SAPT(DFT) was used to compute the interaction
potential for the RDX dimer. This potential was applied
to predictions of the properties of the RDX crystal in
molecular dynamics simulations. The fully ab initio
calculated properties are in excellent agreement with
experiment and the predictions are even slightly better
than achieved by empirical potentials fitted to the crystal
experimental data.

1. Motivation

In 1988, Maddox published in Nature!!! a provocative
op-ed stating that “one of the continuing scandals” is that
computational scientists are not able to predict crystal
structures from molecular structures. This opinion was
echoed in the same journal first in 1996 by Ball® and
more recently by Desiraju®), who in 2002 wrote that the
issue “eluded scientists for more than 50 years”. Desiraju
pointed out in particular to low success rate of predictions
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Crystalographic Data Center (CCDCO)™™.  The situation
does not seem to improve as the success rate of the third
test® was lower than that of the previous ones. This is
indeed an unsatisfactory situation in view of the
importance of such crystals. For example, energetic
materials are crystals of large organic molecules and
polymorphism of drugs is a major problem in
pharmaceutical industry.

Maddox’s opinion was partly due to a misconception
that crystal structures are simple functions of molecular
structures. We now know that this is not the case and the
crystal structures depend in a subtle way on
intermolecular force fields. Such force fields can be
computed ab initio using wave-function (WF) based
methods, but until recently the accuracy of such
calculations for molecules containing more than a few
atoms was far from quantitative and was insufficient for
determination of crystal structures. One might have
hoped that the problem could be resolved by the
development of density functional theory (DFT) which
can be applied to systems containing hundreds of atoms,
but this method turmed out to fail badly for all
intermolecular interactions except those involving hi hlgf
polar species. Recently, a method has been proposed'® !
which combines symmetry-adapted perturbation theory
(SAPT)!"*' of intermolecular interactions with the DFT
representation of monomers. The efficiency of
SAPT(DFT) has been improved!™*") by applying the
density-fitting method'®. For the current capabilities of
SAPT(DFT), and references to earlier work, see
Reference 15. The predictions of SAPT(DFT) are as
accurate as those of high-level WF-based electronic
structure methods, whereas, at the same time, for systems
within the current range of applicability, a SAPT(DFT)
calculation takes in fact less time than a supermolecular
DFT calculation. SAPT(DFT) has been applied to



compute the complete potential surfaces of the water('”!
and benzene dimers®, in each case giving results in
excellent agreement with experimental data. Therefore,
one may hope that the force fields computed by
SAPT(DFT) will be accurate enough to predict crystal
structures.

The present paper tests the ability of the force fields
computed by SAPT(DFT) to predict the crystal structure
of cyclotrimethylene trinitramine (C3N¢O¢Hg), known
also under name of RDX. This molecule is one of the
most important energetic materials. It has been the
subject of many theoretical investigations®%),  The
dimer of RDX is bound by van der Waals forces with a
very significant contribution from the dispersion
forces®®l, The dispersion forces are particularly
challenging for WF-based methods since expensive, high-
level approaches—such as for example the coupled-
cluster method with single, double, and non-iterative
triple excitations [CCSD(T)}—are required to predict
reasonably accurate interaction energies. The large
dispersion contribution is also the reason why DFT
methods are unable to predict properties of such systems.

For example, when DFT methods were applied to the -

RDX crystal in Reference 32, the predicted density
differed by about 12% from experiment. Since the RDX
dimer is too large for advanced WF-based methods, even
for single-point calculations, -this system was
computationally intractable until the development of
SAPT(DFT). This dimer, apart from the interest in the
system itself, is a good proving ground for the
performance of the SAPT(DFT) method on a significantly
larger systems than the benzene dimer, the largest dimer
to date for which an ab initio potential energy surface
(PES) has been developed®. By the number of
electrons, RDX is almost three times larger than benzene.
Thus, a CCSD(T) calculation for the RDX dimer would
be three orders of magnitude more time consuming than
for the benzene dimer. The effect of this is that whereas it
was possible to perform single-point CCSD(T)
calculations for the benzene dimer with basis sets
including diffuse functions for selected configurations,
the RDX dimer is completely beyond the reach of
CCSD(T), even with the largest possible supercomputer
resources. This also means that the only validations of
theoretical work on RDX come from comparisons to
experimental results. The work reviewed in this paper is
described in more detail in Reference 37.

2. Computational Details

For our calculations, we have used the density-fitting
implementation of SAPT(DFT) described in detail in
Reference 15. The DFT calculations for the monomers
program. The Kohn-

were performed using the dalton*®

Sham orbitals of the monomer were obtained using the
PBEO functional®“®) with the asymptotic correction of
Griining, et al.l*"). The ionization potential needed for the
asymptotic correction, equal to 0.373 hartree, was taken
from Reference 15. The monomer geometry has been
taken from the experimental crystal structure!?, but
“symmetrized” by averaging the positions of the atoms
with the mirror images of the corresponding atoms

obtained by reflection in the pseudo-mirror plane. We

‘have used the aug-cc-pVDZ basis set of Kendall, et al.[’}

in the MC'BS approach®’. This basis set was further
supplemented with midbond functions from Reference 15.
The auxiliary basis set needed for density fitting was
taken from References 45 and 46.

We have first produced a tentative fit to a small
number of ab initio points obtained for radial cross-
sections with angular orientations from several nearest-
neighbor dimer structures in the crystal. A regular grid of
ab initio points was then developed, with angular
parameters spaced every 90° and radial distances chosen
to evenly cover the tail, well, and potential wall in radial
cross-sections for each orientation of monomers.

3. Analytic Fit

The potential surface was fitted to a site-site formula

V=Zzuab (7)) 1

acAd beB

where the summation runs over all atomic sites (positions
of nuclei) a of monomer A4, sites b of monomer B, and r,,
denotes the distance between two such sites. The function
Ugp given by

Cnb
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is a simplification of the function used for the benzene
dimer®. To alleviate the 1/r7, divergent character of

the two latter terms in Eq. (2) at short intermolecular
distances, these terms include the Tang-Toennies
damping functions®”
. (5r)"
fn(a,r)=1—e“”ZL—)—- 3)

m!

m=0
The charges ¢, and g, modeling the -electrostatic
interactions and the C., van der Waals coefficients

modeling the long-range dispersion and induction
interactions were obtained from separate fits of these
interactions to independent asymptotic expansions at very
large intermonomer separations. The latter expansions
were obtained from center-of-mass (COM) monomer
multipole moments and polarizabilities computed ab
initio at the same level of theory as our calculations at




finite separations. In this way, the fit nearly exactly
reproduces SAPT(DFT) points at large separations. The
remaining parameters were fitted by a least-square
method. The root-mean-square deviation (RMSD) of the
fit calculated for points with E;; < 0 was 0.13 kcal/mol,
whereas the overall RMSD was 0.47 kcal/mol.

4. Minima on the Potential Energy Surface

The fitted PES of the dimer was explored with a
simple implementation of the eigenvector-following local
minimization method™*® using 18,000 starting points with
randomly selected angular configurations and randomly
selected COM separation R between 4 and 10 A. We
have found 54 minima on the PES.

The energies of the minima range between —12.5 and
—-5.0 kcal/mol and the distances between COM of
monomers between 4.25 and 7.24 A. The structure of the

global minimum is presented as the first dimer in -

Figure 1. This structure has a fairly large R equal to
6.69 A, near the largest ones among all the minima. It is
bound by strong electrostatic forces due to interactions of
the equatorial NO, groups with the axial hydrogens on the
interacting partner, a hydrogen-bond interaction with the
shortest O-H distance of 2.58 A. The second-lowest
structure of energy equal to —10.16 kcal/mol (the second
dimer in Figure 1) also includes hydrogen bonds, with the
shortest O-H distance equal t02.33 A and2.75 A and two
longer ones equal to 2.61 A.

Among many other classes of minima, an important
one is characterized by very short inter-monomer
distances. The structure shown as the third dimer in
Figure 1, with R = 4.50 A and energy equal to —7.95
kcal/mol, is the lowest-energy member of this class. This
structure correspond to a slipped parallel orientation of
the (CN); rings with the antiparallel orientation of the
axial NO, groups. Although the electrostatic energy is
negative, the “dispersionless” energy is strongly positive
and the structure achieves the majority of stability due to
the dispersion interaction. This minimum is very close
geometrically and energetically to the nearest-neighbor
dimer structure in the RDX crystal.

5. Physical Decomposition of the Force Field

Since SAPT computes the physical contributions to
the interaction energy, it is worthwhile to analyze the
relative importance of these contributions, as it was done
already in some detail in Section 4. More extensive
analysis is presented in Figures 2 and 3. These figures
also show the accuracy of the fit and a comparison to the
SRT empirical potential®*),

The two lowest-energy structures (the consecutive
graphs in Figure 2) represent similar physical pictures.
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The attractive contribution is dominated by the
electrostatic energy in the whole range of R. The
relatively slow decay of the electrostatic energy with R is
a result of fairly strong dipole-dipole interactions.
Nevertheless, the dispersion energy is also quite important
and in the regions close to the minimum it is almost equal
to the electrostatic energy. For these structures, the
induction energy components are much less important, in
particular for the second lowest minimum. Moreover, a
large part of the induction energy (except at long range) is
quenched by the exchange-induction energy: for the
minimum, more than half of the induction energy is
quenched by the latter term. For both cross-sections, the
empirical SRT potential®! is very close to SAPT(DFT) at
long-range (this is the result of accurate charges obtained
from second-order Mpller-Plesset (MP2) level
calculations used in the SRT potential), while near the
minimum and at the short range the SRT curves are above
SAPT(DFT) [about 2 kcal/mol at SAPT(DFT) minimum]
and the minimum position is shifted to a longer R by
about 0.15 A.

The third structure, shown in Figure 3, has a
significantly different character than the two structures
describes above. It corresponds to a minimum with the
second shortest intermolecular distance, more than 2 A
shorter than that of the global minimum. The attractive
contribution is clearly dominated by the dispersion
component for the whole range of intermolecular
separations. The electrostatic interaction is quite small.
The considered angular orientation is in fact dipole-dipole
repulsive since, as seen in Figure 3, at larger
intermolecular separations, where the electrostatic energy
is dominated by the slowest-decaying dipole-dipole
contribution, the electrostatic energy is positive. The
induction energy is of similar magnitude to the
electrostatic energy (in contrast to the first two minima),
but it is even more strongly quenched (about 80% at the
minimum distance) than in the previously described
configurations. This angular configuration, despite a very
different character of the monomers, is surprisingly
similar to the slipped-parallel configuration of the
benzene dimer (although here the repulsive electrostatic
energy is caused by the dipole-dipole interaction instead
of the quadrupole-quadrupole interaction), where a
similar mutual interplay of the various terms has been
observed?’]. The latter structure was also the minimum
for the benzene dimer with the shortest intermolecular
distance among all the minima. For the structure of
Figure 3, the SRT potential ™! is astonishingly close to the
SAPT(DFT) potential, much closer than for the two
orientations from Figure 2. This is likely due to the fact
that the SRT potential was fitted to the properties of the
RDX crystal and the structure of Figure 3 is the major
dimer configuration in the crystal. To provide a broader
comparison between SAPT(DFT) and the SRT potential,
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we calculated the RMSD of the SRT potential on the set
of ab initio SAPT(DFT) points. The deviations amounted
to 2.85 and 1.28 kcal/mol for all points and the points
with negative energies, respectively.

6. Molecular Dynamics Simulations of RDX
Crystal

The PES fit described in previous sections has been
applied in molecular dynamics simulations of the RDX
crystal. We performed isothermal-isobaric (NPT), single-
trajectory simulations at 298K with 1 bar pressure. The
trajectory was integrated for 130 ps with 0.001 ps
timestep. During the first 30,000 steps (30ps), the
structure was equilibrated. The simulation cell size was
3x3x3 unit cells and the starting configurations were
taken from the experimental geometry. We have also
used here the exact experimental monomer geometry
instead of the symmetrized one used in ab initio
calculations and in the fitting process, but the parameters
of the fit were kept unchanged. During the simulation,
the monomers were assumed rigid. The calculations were
performed with the DLPOLY program™®. The cut-off
used was equal to 12 A. Long-range corrections for the
energy and virial due to the dispersion and induction
contributions were calculated using a method described in
Reference 50. The long-range Coulomb interaction
energy was corrected by Ewald summation technique!®®.

Table 1. Properties of the RDX crystal: energies per
molecule (kJ/mol), density (g/cm’), and cell vectors A

Energy Density Cell vectors

_SAPT(DFT) -120.21  1.784
empirical

13.287 _11.633  10.701

(SRT)® -115.22 1.738 13.404 11.799 10.732
_experiment  —130.17  1.806° _13.182° 11.574° 10.709°

*T=298 K.

® Experimental sublimation energy from Ref. 51

° Ref. 42

The results of the simulations are presented in
Table 1, together with those from simulations with the
empirical potential of Reference 23. The simulated
crystal structure is in an excellent agreement with
experiment. The density is only 1.2% too low, and the a,
b, and ¢ vector units have errors of 0.8%, 0.5%, and
—0.1%, respectively. It is encouraging that the ab initio
results are even more accurate than those given by the
empirical SRT potential of Reference 23, which was fitted
to the experimental RDX crystal data.
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7. Summary and Conclusions

We have developed a complete 6-dimensional
potential energy surface for the RDX dimer. All this
development was based completely on first principles,
i.e., without any use of experimental results (except that
the geometry of monomers was derived from X-ray
measurement, but an ab initio minimization of the
geometry would give a very similar structure). This
system, due to its size, is intractable by any high-level ab
initio method, but SAPT(DFT). The complicated
character of the potential energy surface required a fit
with a large number of parameters, which in turn required
a large number, more than one thousand, of single-point
calculations.

We have found 54 minima on the PES of the system.
The large number of minima is a result of the complicated
structure of the monomer. The minima were analyzed in
terms of physical components of the interaction energy.
We found that for the RDX dimer the dispersion energy is
overall the most important component. Although the
electrostatic interaction is often also an important part of
the interaction energy (in a few cases it is actually the
most important attractive contribution), the dispersion
contribution is always very important. Since the
dispersion interaction cannot be properly modeled by the
standard supermolecular DFT, the current results show
that the poor performance of the supermolecular DFT in
predicting the RDX crystal structure in Reference 32 was
indeed caused by the large dispersion contributions in this
system.

Molecular dynamics simulations of the RDX crystal
structure performed using the SAPT(DFT) potential
yielded an excellent agreement with the experiment. The
density of the crystal obtained from the simulations is
only about 1.2% lower than the experimental density.
This result is significantly better than the density obtained
from simulations with the SRT empirical potential®>.
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Figure 1. M1, M2, and M3 structures
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Figure 2. Radial cross section of the angular configuration of
structures M1 and M2: ‘elst'—electrostatic energy, ‘exch’—
sum of the first and second-order exchange energies, ‘ind’—
induction energy, ‘disp’—dispersion energy, 'SRT’—potential
from Reference 23

30

Figure 3. Radial cross section of the angular configuration of
structure M3. For description of symbols, see Figure 2.
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